The response of current hydrogel devices mainly depends on the diffusion of stimuli. However, diffusion is a slow transport mechanism compared to advection, which therefore limits the response speed of hydrogel devices. To overcome this limitation, we introduce a capillary network and elastic instability mechanism. Particularly, an open surface capillary delivers and distributes solvent, thus triggering the swelling and bending of curved polymeric beams. To demonstrate this concept, we fabricate these polymeric microstructures using projection micro-stereolithography (PµSL). Combined with instability criteria analysis based on static beam theory, this device is designed and fabricated to have a two-way snap-through behavior. Our analysis provides the minimum dimensionless stiffness for the beam device to snap during solvent actuation. Here, is a well-defined dimensionless parameter in our analysis that indicates whether the device can provide sufficient axial force to trigger the snap-through of the beam.
INTRODUCTION
Many applications of hydrogels depend on their unique solvent-swollen properties. Their swelling and shrinking behaviors can be triggered by different stimuli, such as by solvents with different ion concentrations [1] , temperature [2] , and radiation [3] . The solvent-stimulated swelling phenomenon in However, due to fabrication challenges, these gel devices are often formed into simple geometries such as spheres and strips. Moreover, they can only operate in solvents. The response speed is also a great concern for hydrogel devices. It is well known that solvent transport in gels is diffusion dominated. The slow pace of the diffusion process is responsible for the slow responses of hydrogels and further limits the application of polymer swelling in microfluidic devices and other applications, like artificial muscles.
To overcome the diffusion speed limit, we introduced a micro capillary network into a hydrogel device [14] . The capillaries serve as "highways" for long-range solvent transport by capillary force. In this case, diffusion transport only happens locally (short range) across the capillary walls. Compared to diffusion, capillary flow is much faster. The velocity of the solvent front in a capillary can be estimated by T s Cos( )R/(4 L) [15] , where T s and are the surface tension and the viscosity of the solvent, respectively, is the contact angle, R is the radius of the capillary, and L is the length of the solvent in the capillary.
Although the solvent front velocity may differ from solvent to solvent, it is clear that, generally, capillary flow is much faster then the diffusion process by several orders of magnitude. Therefore, capillary networks dramatically increase the speed of long-range solvent transport and of the gel response.
Nevertheless, the gel response is still dominated by local diffusion. The speed of local solvent transport cannot be increased without applying external driving forces, such as pressure, which increase the operation cost of the gel devices.
As a cheap and effective means to overcome these limitations, we introduce an elastic instability mechanism into polymer gel devices in this work. In this way, the elastic energy during the slow gel swelling or shrinking process is stored in the device and afterwards is quickly released by taking advantage of the elastic instability. As a demonstration, in this paper we focus on micro gel beam structures. Incorporation of stability in silicon micro-electro-mechanical systems (MEMSs) is not a new idea. The simplest mechanical bistable system can be developed by applying an axial compressive force at both ends of a slim beam. If the force exceeds a certain value, the beam buckles into one of two possible stable states [16] . A more general bistable system may incorporate additional transverse forces with different configurations [17] [18] [19] , thermally-introduced compressive force [20] or use the electrothermal bimorph effect [21] . However, little attention has been given to polymer gel devices, to the best of our knowledge. Although, a device with snapping surfaces has been created using poly(dimethyl siloxane) [22] , the complicated actuation method is worth further improvement. Polymeric devices have great potential in the development of artificial muscles and as transducers for micro-fluidic circuits (fluidic signals to mechanical power output). In such applications, the available trigger signals are usually solvents or the desired ion concentration; therefore, external transverse force is not preferred for triggering the instability mechanism, nor is the thermal expansion effect. As a solution, we propose the use of locally-controlled gel swelling and shrinking to trigger instability. In this case, the only input is the solvent from micro-fluidic circuits and the device can be actuated off-plane. Furthermore, we established the criteria for the beam design by providing the minimum dimensionless stiffness of the beam device and the minimum energy to trigger the snap-through instability. In the following sections, the fabrication and principle of operation of the device are presented in section 2; in section 3 we present a discussion of our design criteria based on elastic static theory. Finally we present indicators of the device performance.
FABRICATION AND PRNCIPLE OF OPERATION
There are several micro fabrication techniques for soft materials [23] . The traditional silicon-based MEMS technology requires expensive industrial instruments and shows limitation in three dimensional (3D) fabrication. Although the soft-lithography and nano-imprint lithography offer nano scale resolution, their advantages are shaded due to the need of physical molds. As a cheap and fast method for polymer gel fabrication, photo-polymerization is the most attractive. However, in order to construct a complicated 3D micro structure, advanced technologies and methodologies need to be incorporated to guide photopolymerization in 3D space. Here we propose to use a well-established 3D micro fabrication technology, projection micro-stereolithography (PµSL) [24, 25] for 3D soft material fabrication, as highlighted in The designed polymeric device has the shape shown in Figure 2 . It consists of three parts: a curved, flat beam (red) with open channels (green) on one of the surfaces; a hollow faucet (blue), which delivers the solvent to the channels; and a U-shaped elastic frame (orange), all made of the same PEG material. The overall dimensions of the frame are 3.5 mm×2 mm×1 mm, and the beam is 175-um thick with channels that are 90-um wide and 75-um deep. One way in which our beam differs from silicon MEMS curved beams, whose curvature is formed from the introduction of an initial residue stress, is that our designed beam is initially curved without appreciable residue stress. Initial residue stress is a costly and hard-tocontrol process; therefore, our design represents a cheaper and easier alternative for achieving curved beams. Upon solvent delivery to the inlet of the faucet, a strong capillary force drives the solvent through the inner channel of the faucet and dispenses it to the four connected open channels. As we can assume that all the channels are filled with solvent at the same time. This assumption is essential for later theoretical analysis. When the PEG contacts the solvent, the wetted gel starts to swell. However, wetting of the whole curved beam takes longer time than the time scale of desired experiments, thus the solvent only wets a portion of the curved beam ( Figure 2E ).As a result, for a relatively long time, the beam is roughly divided into two layers: a wet layer and a dry layer. The wet layer swells and expands, while the dry layer is stretched. This is similar to the thermal bimorph effect, which also has two distinct material layers. The strong shear stress causes a change of the beam curvature. In our design, the beam curvature decreases and the endpolymer. However, the dry elast pair of compressive forces at bot energy in the device. As the cu frame may be not sufficient to solvent evaporates, the wet part is shown in our analysis and ex device will experience buckling static theory to explain the mech
DESIGN CRITERIA
Euler's column theory tells t critical value it will become unst support and at the same changes may exceed this critical value an integrated into our solvent actu increase the transient mechanica beam system with elastic instabil is only a longitudinal force P, no external bending moment exists (Figure 3) . We assume the beam has an initial sinusoidal shape as:
( 1) The initial shape is the shape in the absence of external compressive force P and it changes during experiment due to swelling. This initial shape changes as the solvent starts to diffuse into the wall of the capillary which is embedded in the beam and we further assume that the beam keeps the sinusoidal shape (dominant shape, only the magnitude changes) during this process. To be more precise, from now on we will denote the initial shape as natural shape (shape under no external force) and the associated deflection as natural deflection. Similarly, the shape under external forces will be denoted as actual shape and the associated deflection as actual deflection. In order to focus on the essential mechanisms involved in this process using a simple model, we postpone consideration of developing a full theory for the device;
instead, we try to use a simple, linear beam theory that does not take into account the compression and extension of the beam (it can be shown that the effects of compression and extension are small [26] ). The actual deflection under the lateral load P is derived in [27] and it is given by:
Here , it is a dimensionless parameter, and EI is the flexural rigidity of the beam.
is the critical load to make a straight beam with hinged ends for buckling [16] . From
Equation (2), we find that the actual deflection is magnified by a factor , and the actual midpoint deflection is given by setting x=L/2:
The linear response of the support is taken to be P=k s x, here x is the displacement and k s is the rigidity of the support. The scenario of the system performance is that as the curvature of the beam changes, the end-to-end span also changes, which is coupled with the elastic response from the support. The change of the end-to-end span of the beam can be calculated by comparing the length difference between the curved beam and the projection of the beam on the x axis. The difference of each pair of corresponding elements is:
Therefore, for small deflection, the displacement of the end of the beam is given by:
However the original (fully dry sample) shape of the beam is not a straight one, instead it is sinusoidal shape given by y 0 =a 0 sin(kx/L). Taking this into account, the displacement of the end during curvature The linear support also provides From Equations (7) and (8) 
is also a dimensionless parameter which is proportional to the ratio of the flexural rigidity of the beam and the rigidity of the support. We can also define the dimensionless actual mid-point deflection from Equation (3) by dividing both sides with a 0 , then
Equations (9) and (11) give the parametric relations between the dimensionless natural midpoint deflection and the dimensionless actual midpoint deflection. In Equation (9), the left hand side ( 4 ) ) is non-negative, and # ! ) on the right hand side is also non-negative; therefore, the following inequality must be satisfied:
However, Euler's column theory [28] tells us that the minimum axial force required to cause the buckling of beams with hinged ends is @ ) 89 < ) 6 . We notice that =P/P er . Therefore, for the beam to snap, then must be > # , from Equation (12), we obtain 5 A # (13) In the device as shown in Figure 2 , the elastic support is a U-shaped frame. We model the complex geometry of our gel device as four simple beams with the lengths and moments of inertia shown in Figure   4 . From our experiments, the volume ratio of solvent is less than 5% during most of the time in the actuation. Therefore all beams are assumed to have the same Young's modulus E, and it remains the same is only a pair of longitudinal P. Therefore, the rigidity of this support has an expression [29] :
: ; 
Therefore, is also the ratio of the end deflection of Beam 2 when P=P er to the extension of Beam 1 due to the original deflection y 0 which is the maximum extension. This means that in order for buckling to take place, the resistant force from the support as the beam reaches the maximum extension should be larger than p er . From Equation (16), to achieve that, the initial deflection of Beam 1 should be large, and the flexural rigidity of Beams 2, 3, and 4 needs to be large compared to beam 1 as well. In this way, the U-shaped frame can provide enough axial force to trigger the buckling of curved beams. As can be seen in Figure 5 , the critical value of that separates the buckling region ( <1) and smooth deformation region ( >1) is unity. Polymer swelling or shrinking causes the natural deflection to monotonically decrease or increase, respectively. In the buckling region, during the change in natural deflection, the actual deflection jumps from one side to another at certain points. These points are the unstable configurations in which the buckling happens. However, when >1, the actual deflection changes continuously with the natural deflection, and no buckling occurs.
It can also be shown that buckling is an energy-favorable phenomenon. Since the compression and extension energies are small [26] , the elastic energy is considered to be only bending energy. The bending energy is expressed in the form of [30] :
Here M is the bending moment. The total elastic energy consists of four portions: the elastic energies stored in Beams 1, 2, 3, and 4, with those of Beams 2 and 4 being identical. That is,
The bending moment for Beam 1, 2, and 4 are:
Combining (17), (18), and (19), we have:
Dividing both sides of (20) gives the dimensionless total elastic energy: Figure 6 . The dependence of the relationship between the total elastic energy and the natural midpoint deflection on the geometric parameter .
Here L U NON ,
. From the expression of L , it can be seen that L is the work done by the critical load over the distance equivalent to the shortening of Beam 1 (equation (5)) due to the initial deflection y 0 . Equations (9) and (21) Gibbs energy change during solvent and polymer mixing or separation (solvent evaporation) [31] .
Therefore it is a material property associated with particular polymer-solvent system and thus it also provides a criterion for the material selection during the device design. Unfortunately, solvent transport in polymers is coupled with large deformations and is still a difficult and unsolved problem; further theoretical investigation is needed to understand and predict such phenomena at full scale.
DEVICE PERFORMANCE
Using previous static analysis, we designed and fabricated two samples with =0.4 and =1.6 using PµSL. The dimension of the curved beam was the same in both samples, with an end-to-end span of 2 mm, a thickness of 175 µm, and channels that were 90-µm wide and 75-µm deep. We changed the value of by changing the dimensions of the U-shaped frame, in which case we were able to reduce the value by increasing the thickness of Beams 2, 3, and 4. Immediately following the PµSL process, the samples were immersed in acetone and shielded (by covering) from ambient light for 24 hours to remove residual monomers, preventing further photo-polymerization. The samples were then dried at room temperature for 20 minutes before 0.5 µL acetone was delivered to them through the inlet of the faucet by a syringe.
An acetone droplet was first pushed out and it attached to the needle tip. The mid-point speed increases as decreases which requires a stiffer U-shaped frame. However as we mentioned above, the elastic energy stored in the device comes from the mixing energy of the polymer and solvent. This amount of total energy is not changed when we increase the flexural rigidity of the Ushaped frame. Thus, in order for the beam to snap, the mixing energy should be larger than the stored elastic energy when the device is in an instable configuration. However, if the mixing energy is too small to overcome the energy threshold associated with instable configurations, the beam will never snap, even when <1. Therefore, increasing the flexural rigidity of the U-shaped frame can increase the mid-point speed during buckling. But the increase of the flexural rigidity is only up to a critical point, above which further increase will fail to cause the beam to snap. Prediction of the mixing energy during swelling in this device requires further theoretical investigation.
CONCLUSION
In an effort to increase the response speed of a hydrogel device during solvent actuation, in this work we report on the design, analysis, fabrication and testing of a novel polymeric bistable device. We introduced a capillary network into a hydrogel device in such a way as to dramatically increase the rate of long-range solvent transport (compared with diffusion-based mechanisms), while also providing a means to locally control the swelling of hydrogel. We realized control of surface-oriented swelling in a curved polymeric beam, which also affected its bending direction. Compared with traditional silicon MEMS devices, using this method we achieved much higher actuation displacement with respect to the length of the beam without sacrificing the actuation speed. To further increase the transient response speed, we introduced an elastic instability into our beam design. Combined with a design criteria analysis based on static beam theory, we proved in our experiment the existence of a critical value for the dimensionless parameter that determines whether or not a curved beam will snap. Further theoretical investigation on solvent transport in polymers coupled with large deformation is needed to fully understand this phenomenon. Due to its unique quick response time, this device has potential for a range of self-powered and autonomous systems, such as micro-fluidic transducers and valves, artificial muscles, and smart drugs.
